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POLYMERIZABLE COMPOSITIONS MADE
WITH POLYMERIZATION INITIATOR
SYSTEMS BASED ON ORGANOBORANE
AMINE COMPLEXES

This is a division of application Ser. No. 08/391,642 filed
Feb. 21, 1995 now U.S. Pat. No. 5,539.070.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to organcborane amine
complexes and, more particularly, to polymerizable
compositions, especially acrylic adhesives, that incorporate
polymerization initiator systems based on the organoborane
amine complexes. This invention further relates to methods
for bonding substrates, particularly low surface energy
substrates, using such compositions,

2. Description of the Related Art

An efficient, effective means for adhesively bonding low
surface energy substrates such as polyethylene, polypropy-
lene and polytetrafluoroethylene (e.g.. TEFLON) has long
been sought. The difficulties in adhesively bonding these
materials are well known. See, for example, “Adhesion
Problems at Polymer Surfaces” by D. M. Brewis that
appeared in Progress in Rubber and Plastic Technology,
volume 1, page 1 (1985). The conventional approaches
typically function by: (1) increasing the surface energy of
the substrate (to more closely match the surface energies of
the substrate and the adhesive thereby promoting better
wetting of the substrate by the adhesive) and/or (2) elimi-
nating additives and low molecular weight polymer fractions
in the substrate that can migrate to the substrate surface and
adversely affect adhesion by forming a weak boundary layer.

As a result, the conventional approaches often use com-
plex and costly substrate surface preparation techniques
such as flame treatment, corona discharge, plasma treatment,
oxidation by ozone or oxidizing acids, and sputter etching.
Alternatively, the substrate surface may be primed by coat-
ing it with a high surface energy material. However, to
achieve adequate adhesion of the primer, it may be necessary
to first use the surface preparation techniques described
above. All of these techniques are well known, as reported
in Treatise on Adhesion and Adhesives (1. D. Minford,
editor, Marcel Dekker, 1991, New York, volume 7. pages
333 to 435). The known approaches are frequently custom-
ized for use with specific substrates. As a result, they may
not be useful for bonding low surface energy substrates
generally.

Moreover, the complexity and cost of the presently known
approaches do not render them particularly suitable for use
by the retail consumer (e.g., home repairs, do-it-yourselfers,
etc.) or in low volume operations. One vexing problem is the
repair of many inexpensive everyday houschold articles that
are made of polyethylene. polypropylene or polystyrene
such as trash baskets, laundry baskets and toys.

Consequently, there has been a considerable and long felt
need for a simple, easy to use adhesive that can readily bond
a wide variety of substrates, especially low surface energy
materials, such as polyethylene, polypropylene and
polytetrafluoroethylene, without requiring complicated sur-
face preparation, priming and the like.

This invention is directed to polymerization initiator
systems based on organoborane amine complexes and adhe-
sives and other compositions made therewith. The adhesives
are especially useful in bonding low surface energy sub-
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strates such as polyethylene, polypropylene and polytet-
rafluoroethylene.

In 1957 G. S. Kolesnikov et al. (Bull. Acad. Sci. USSR,
Div. Chem. Sci. 1957, p. 653) reported the use of tributylbo-
rane as a catalyst for the polymerization of styrene and
methy! methacrylate. The addition of 2 mole % of tribu-
tylborane to methyl methacrylate resulted in rapid polymer-
ization; a transparent solid block was formed in 60 to 90
minutes. At about the same time, J. Furakawa et al. (Journal
of Polymer Science, volume 26, issue 113, p. 234, 1957)
reported that triethylborane had been found to initiate the
polymerization of some vinyl compounds such as vinyl
acetate, vinyl chloride, vinylidene chloride, methacrylic
ester, acrylic ester. and acrylonitrile. J. Furakawa et al.
(Journai of Polymer Science. volume 28, issue 116, 1958)
later reported that triethyl borane-catalyzed vinyl polymer-
ization could be markedly accelerated with oxygen or OXy-
gen compounds such as hydrogen peroxide and metal
oxides. While the presence of oxygen is apparently needed
for the polymerization to occur, the organoborane com-
pounds of the type described in these references are known
to be quite pyrophoric in air. Hence, the presence of oxygen
is simuitancously required and undesirable.

U.S. Pat. No. 3275.611 “Process for Polymerizing Unsat-
urated Monomers with a Catalyst Comprising an Organobo-
ron Compound. a Peroxygen Compound and an Amine”
issued Sep. 27, 1966 to E. H. Mottus et al. discloses a
process for polymerizing olefinic compounds, especially
alpha-olefinically unsaturated compounds. Particularly pre-
ferred are methacrylate monomers having no more than 20
carbon atoms in the ester group. The organoboron com-
pound and the amine may be added to the reaction mixture
separately or they may be added as a preformed complex.
The latter approach reportedly has the advantage of making
the boron compound more easily handled, especially for
certain boron compounds that tend to be pyrophoric in air
but which are not pyrophoric when complexed. Especially
useful boron catalysts are said to have the following general
formulas: R;B, RB(OR),, R,B(OR), R,BOBR,, R,BX, and
R,BH, where R is a hydrocarbon radical, preferably an alkyl
radical having from 1 to 10 or more carbon atoms (more
preferably, up to 6 carbon atoms), and X is a halogen.

Useful amine complexing agents are said to have a
basicity that is preferably in the range of about 10~ or 1077
to 5x107*° or 107°. Various amine complexing agents are
mentioned although pyridine, aniline, toluidine,
dimethylbenzylamine, and nicotine are used in the
examples. The amine and boron compounds are used in
about a 1:1 molar ratio, assuming one nitrogen function per
boron function. Reportedly, any peroxide or hydroperoxide
compound may be used as a catalyst component.

While Mottus et al. refer to polymerizing methacrylate
monomers, there is no indication that the resulting polymers
are useful as adhesives. Various acids are mentioned as
monomers that may be polymerized but there is no indica-
tion that an acid is a component of the polymerization
system.

British Patent Specification No. 1,113,722 “Aerobically
Polymerisable Compositions,” published May 15, 1968 dis-
closes the polymerization of acrylate monomers through the
use of a free-radical catalyst (e.g., peroxides) and triarylbo-
rane complexes having the general formula (R;)B-Am
wherein R is an aryl radical having from 6 to 12 carbon
atoms and Am is, among other things, an amine such as
hexamethylenediamine or ethanolamine. The polymeriza-
tion is activated by heating or the addition of an acid. The
resulting compositions are reportedly useful as adhesives.
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Chemical Abstracts No. 88532r (volume 73, 1970) “Den-
tal Self-curing Resin” and the full text paper to which it
refers report that tributylborane can be made stable in air by
complexing it with ammonia or certain amines (e.g.. aniline,
n-butylamine, piperidine, ethylenediamine) at a mole ratio
of one and that the tributylborane can be reactivated with an
amine acceptor such as an isocyanate, an acid chloride, a
sulfonyl chloride, or anhydrous acetic acid. As a result, the
complex can be used to polymerize blends of methyl meth-
acrylate and poly(methylmethacrylate) to provide a dental
adhesive. Tributylborane-ethylenediamine complexes and
triethylborane-ammonia complexes, each with
p-toluenesulfonyl chloride as the amine acceptor, are spe-
cifically mentioned.

Chemical Abstracts No. 134385q (volume 80, 1974)
“Bonding Polyolefin or Vinyl Polymers” reports that a
mixture of 10 parts methyl methacrylate, 0.2 parts
tributylborane, and 10 parts poly(methylmethacrylate) was
used to bond polyethylene, polypropylene and poly(vinyl
acetate) rods.

U.S. Pat. No. 5,106,928 “Acrylic Adhesive Composition
and Organoboron Initiator System.” issued Apr. 21, 1992 to
M. M. Skoultchi et al.. discloses a two-part initiator system
that is reportedly useful in acrylic adhesive compositions,
especially elastomeric acrylic adhesives. The first part of the
two-part initiating system is a stabilizing organoborane
amine complex; the second part is an organic acid activator.
The organoborane compound of the complex has the general
formula:

where R, R, and R, are either alkyl groups having 1 to 10
carbon atoms or phenyl groups, although alkyl groups of 1
to 4 carbon atoms are preferred. The amine portion of the
complex may be ammonia, a primary amine, a secondary
amine. or a polyamine containing a primary amine or a
secondary amine. Useful amines include n-octylamine, 1.6-
diaminohexane, diethylamine, dibutylamine,
diethylenetriamine, dipropylenediamine, 1,3-
propylenediamine, and 1.2-propylenediamine.

The organic acid activator is a compound that will desta-
bilize or liberate the free organoborane compound by
removing the amine group, thereby allowing it to initiate the
polymerization process. Preferably, the organic acid has the
formula R—COOH where R is hydrogen. an alkyl or alkeny}
group having 1 to 8 (preferably 1 to 4) carbon atoms, or an
aryl group with 6 to 10 (preferably 6 to 8) carbon atoms.

Twelve organoborane amine initiator complexes are
described in conjunction with Example I. In those com-
plexes based on diamines or triamines, the nitrogen atom to
boron atom ratio ranges from 2:1 to 4:1. In those complexes
based on diethylamine and n-octylamine, the nitrogen atom
to boron atom ratio is 1.5:1

The adhesive compositions are reportedly particularly
useful in structural and semi-structural applications such as
speaker magnets, metal-metal bonding, (automotive) glass-
metal bonding, glass-glass bonding, circuit board compo-
nent bonding, selected plastic to metal, glass, wood, etc. and
electric motor magnets. Those plastics that may be bonded
are not further described.

SUMMARY OF THE INVENTION

The invention relates to polymerizable acrylic
compositions, especially acrylic adhesives, that incorporate
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polymerization initiator systems based on organoborane
amine complexs. The adhesives are particularly useful in
bonding low surface energy substrates (e.g.. polyethylene,
polypropylene, polytetrafiuoroethylene, etc.) that,
heretofore, have been bonded using complex and costly
surface preparation techniques.

The polymerizable acrylic compositions comprise and,
more preferably, consist essentially of at least one acrylic
monomer {preferably alkyl acrylates such as butylacrylate
and/or alkyl methacrylates such as methyimethacrylate), an
effective amount of an organoborane amine complex, and an
effective amount of an organic or inorganic acid (e.g.. acrylic
acid, methacrylic acid or SnCl,) for initiating polymeriza-
tion of the acrylic monomer.

Useful organoborane amine complexes have the follow-
ing general formula:

R! R*

R2—BN—H

R3 R"'
wherein:

R! is an alkyl group having 1 to 10 (preferably 2 to 5)
carbon atoms;

R? and R® are independently selected from phenyl-
containing groups and alkyl groups having 1 to 10
carbon atoms, alkyl groups having 2 to 5 carbon atoms
being preferred;

R* is selected from the group consisting of CH,CH,OH
and (CH,),NH, wherein x is an integer greater than 2.
preferably from 2 to 6, and most preferably 6;

R® is hydrogen (preferred) or an alkyl group having 1 to
10 carbon atoms; and

the nitrogen atom to boron atom ratio is about 1:1 to 2:1,
more preferably about 1:1 to 1.5:1, and most preferably
about 1:1.

The organoborane amine complex is typically provided in
an amount of about 0.15 to 3 mole % based on the number
of moles of acrylic groups, moieties or functionality (more
preferably about 0.2 to 2.5 mole %; most preferably about 1
to 1.5 mole %). An effective amount of the acid is about 30
to 540 mole % (most preferably about 230 mole %), based
on the number of equivalents of amine groups, moieties or
functionality.

Among the useful additives that may be optionally
included within these compositions are thickening agents
(such as polymethylmethacrylate) and a small amount
(about 0.1 to 7 mole % based on the number of moles of
acrylic functionality) of a substantially uncomplexed
organcborane, the latter being especially useful if the orga-
noborane amine complex is based on monoethanolamine.

In another aspect the invention relates to a method for
bonding low surface energy polymeric substrates using the
polymerizable acrylic compositions described above. The
substrate surface may first be primed with a composition
comprising the organoborane amine complex in an inert
organic solvent (e.g., to about 5 to 15 wt. %), in which case
the inclusion of the organoborane amine complex in the
polymerizable composition is optional.

In yet another aspect of the invention, certain composi-
tions are useful as primers for increasing the adhesion of a
subsequently applied adhesive to fluoroplastic substrates.
Among such useful primers are those based on acrylic
monomers, organcboranes and an oxygen source (e.g. per-
oxides or atmospheric oxygen) as well as those based on
acrylic monomers, organoborane amine complexes, and
acids.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In a broad aspect, this invention relates to polymerizable
acrylic compositions, especially acrylic adhesives, that are
produced using polymerization initiator systems based on
organoborane amine complexes. The adhesives are particu-
larly useful in bonding low surface energy substrates (e.g.,
polyethylene, polypropylene, polytetrafluoroethylene, etc.)
that, heretofore. have been bonded using complex and costly
surface preparation techniques.

The polymerization initiator systems useful in the inven-
tion comprise and, more preferably, consist essentially of an
effective amount of an organoborane amine complex and an
effective amount of an acid for liberating the organoborane
to initiate polymerization. Organoborane amine complexes
useful in the invention have the following general structure:

R! R*
R2~BN—H
R3? RS

where R! is an alkyl group having 1 to 10 carbon atoms and
R? and R® are independently sclected from alkyl groups
having 1 to 10 carbon atoms and phenyl-containing groups.
More preferably, R*, R? and R® are alkyl groups having 1 to
5 carbon atoms such as methyl, ethyl, propyl, iso-propyl,
p-butyl, iso-butyl, and pentyl. In general, shorter carbon
chain lengths are preferred for the R'. R? and R® groups as
this promotes enhanced stability of the complex in air.
Smaller, less bulky substituents are also preferred as larger,
more bulky groups may negatively affect adhesion. By
“independently selected” it is meant that R* and R® may be
the same or that they may be different. R' may be the same
as R? or R®, or it may be different. Preferably R*, R? and R®
are the same. The tripropyl, tri-iso-propyl, and tri-n-butyl
alkylboranes have been found to be especially useful.

The amine component of the complex may be either
monocthanolamine, a primary alkyl diamine, or a secondary
alkyl diamine. Consequently, R* may be selected from the
group consisting of CH,CH,OH and (CH,),NH,. wherein x
is an integer greater than 2. R® is either hydrogen or an alkyl
group having 1 to 10 carbon atoms. In more preferred
complexes, R® is hydrogen (so as to reduce the steric
hinderance within the organoborane amine complex which
could inhibit the formation of the complex itself) and R* is
either CH,CH,OH or (CH,),NH, where x is an integer from
2 to 6. Most preferred, however, are complexes where the R*
is CH,CH,OH (monoethanolamine) or (CH,),NH, (1.6
hexamethylenediamine).

Importantly, and as shown more fully hereinbelow. the
nitrogen atom to boron atom ratio in the complex is about
1:1 to 2:1. more preferably about 1:1 to less than 2:1, even
more preferably about 1:1 to 1.5:1, and most preferably
about 1:1. At nitrogen atom to boron atom ratios in excess
of 2:1 the practical utility of the complex in a polymerization
initiator system is diminished as the amount of complex that
must be employed to achieve a useful molecular weight
during polymerization becomes too large. On the other hand,
a nitrogen atom to boron atom ratio of less than 1:1 leaves
free organoborane. a material that tends to be pyrophoric.

An effective amount of the organoborane amine complex
is an amount that is large enough to permit polymerization
to readily occur to obtain an acrylic polymer of high enough
molecular weight for the desired end use. If the amount of
organoborane amine complex is too high, then the polymer-
izatjon may proceed too rapidly to allow for effective mixing
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and application of the composition. The useful rate of
polymerization will depend in part on the method of apply-
ing the composition to the substrate. Thus, the rate of
polymerization for a high speed automated industrial appli-
cator can be faster than if the composition is applied with a
hand applicator or if the composition is mixed manually.

Within these parameters, an effective amount of the
organoborane amine complex is about 0.15 to 3 mole %,
based on the number of moles of acrylic functionality, more
preferably about 0.2 to 2.5 mole %, and most preferably
about 1 to 1.5 mole %. If the amine is provided by
monoethanolamine, it has been found that an effective
amount of the complex is greater than 2 mole % but less than
about 5 mole %. By “acrylic functionality” is meant acrylic
and substituted acrylic moieties or chemical groups; that is,
groups which have the general structure

R O
[
H,C=C—C—0—FR

wherein R and R’ are organic radicals that may be the same
or that may be different.

As explained below, however, it is sometimes advanta-
geous to further include a small amount of additional,
substantially uncomplexed organoborane. In these instances,
an effective amount of the complex is about 0.3 to 5 mole %,
based on the number of moles of acrylic functionality, more
preferably about 0.5 to 4 mole %. and most preferably about
1 to 3 mole %.

Advantageously, the organoborane amine complexes use-
ful in the invention are air stable. By “air stable” it is meant
that when the complexes are stored in a capped vessel at
room temperature (about 20° to 22° C.) and under otherwise
ambient conditions (i.e., not under a vacuum and not in an
inert atmosphere), the complexes remain useful as polymer-
ization initiators for at least about two weeks, although the
complexes may be readily stored under these conditions for
many months and up to a year or more. By “air stable” it is
also meant that the complexes are not pyrophoric, as
explained more fully hereinbelow. The air stability of the
complex is enhanced if it is provided as a crystalline
material. In its most stable form, the complex exists as clear
white, solid. needlelike crystals. However. the complex is
still useful even if it is provided as an amorphous solid or a
viscous, syrup-like liquid. Over time, the most preferred
clear white, solid, needlelike crystals may assume these
forms.

The organoborane amine complex may be readily pre-
pared using known techniques. Typically, the amine, if
provided as a solid, is ground to a fine powder (preferably
in an inert atmosphere) and combined with the organoborane
(also in an inert atmosphere) with slow stirring. An exotherm
is often observed and cooling of the mixture is, therefore.
recommended. Due to the high vapor pressure of some of the
materials that may be used, it is desirable to keep the
reaction temperature below about 70° to 80 ° C., but the
temperature should not be kept so low that the reaction
product prematurely crystallizes. Once the materials have
been well mixed, the complex is permitted to cool so that
crystals thereof may form. No special storage conditions are
required although it is preferred that the complex be kept in
a capped vessel in a cool, dark location. Advantageously, the
complexes used in the invention are prepared in the absence
of organic solvents that would later have to be removed.

Turning now to the acid, this component liberates the
organoborane by removing the amine group thereby permit-
ting the organoborane to initiate polymerization. Any acid
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that can liberate the organcborane by removing the amine methacrylate, cyclohexyl methacrylate, tert-butyl
group may be employed. Useful acids include Lewis acids methacrylate, acrylamide, N-methyl acrylamide, diacetone
(e.g-. SnCl,. TiCl, and the like) and Bronsted acids such as  acrylamide, N-tert-butyl acrylamide, N-tert-octyl
those having the general formula R°—COOH, where R%is ~ acrylamide, N-butoxyacrylamide, gamma-
hydrogen. an alkyl group, or an alkenyl group of 1 to 8 and methacryloxypropyl trimethoxysilane, 2-cyanoethyl
preferably 1 to 4 carbon atoms, or an aryl group of 6 to 10, acrylate, 3-cyanopropyl acrylate, tetrahydrofurfuryl
preferably 6 to 8 carbon atoms. The alkyi and alkenyl groups ~ methacrylate, tetrahydrofurfuryl chloroacrylate, glycidyl
may comprise a straight chain or they may be branched. ~ acrylate, glycidyl methacrylate, and the like. Dimethylami-
Such groups may be saturated or unsaturated. The aryl noethyl acrylate and dimethylamino methacrylate may be
groups may contain substituents such as alkyl, alkoxy or used.

halogen moieties. Mustrative acids of this type include Particularly preferred are blends of alkyl acrylates (e.g..
acrylic acid, methacrylic acid, acetic acid, benzoic acid, and butyl acrylate) and alkyl methacrylates (e.g.. methyl
p-methoxybenzoic acid. Other useful Bronsted acids include methacrylate). Such polymerizable compositions according

. . to the invention may broadly comprise, based on the total
HCL H,S0,, H;PO, and the like. SnCl,, acrylic acid and weight of the composition, about 10 to 60 wt. % (more

methacrylic acid are preferred. 15

. . . preferably about 30 to 40 wt. %) of the alkyl methacrylate,
The agd sﬁould be usc.dm an.am_ount effective to promote and about 10 to 50 wt. % (more preferably about 25 to 35

polymerization. If too little acid is employed, the rate of wt. %) of the alkyl acrylate.

polymerization may be too slow and the monomers that are Another useful class of polymerizable monomers corre-

being polymerized may not adequately increase in molecular  gponds to the general formula:

weight. However, a reduced amount of acid may be helpful

in slowing the rate of polymerization. On the other hand. if ; ,
too much acid is used, then the polymerization tends to Q R7\ R Q
. . . il | | Il
proceed too quickly and, in the case of adhesives, the H,c=c|:—-C—o (CHz)s—+C —4—C—04—C—C=CH;.
| |
R® R/, H .

th

[
o

resulting materials may demonstrate inadequate adhesion to
low energy surfaces. On the other hand. an excess of acid
may promote adhesion to higher energy surfaces. Within
these parameters, the acid should, preferably, be providedin  R” may be selected from the group consisting of hydrogen
an amount of about 30 to 540 mole % based on the pumber methyl, ethyl, —CH,OH, and

of equivalents of amine functionality in the complex, more

preferably about 100 to 350 mole %, and most preferably ., o]

about 150 to 250 mole %. In the case of methacrylic acid and
an organoborane amine complex based on tripropylborane

1
R®

Il
~CH;—0—C —o|:=c1{,.

and 1,6-hexamethylenediamine, about 0.5 to 7 wt. %, more Rt
preferably about 3 wt. % based on the total weight of the
composition, has been found to be useful. 35 R® may be selected from the group consisting of chlorine,

The organoborane amine complex initiator systems are  methyl and ethyl. R® may be selected from the group
especially useful in polymerizing acrylic monomers, par- consisting of hydrogen, hydroxy, and
ticularly for making polymerizable acrylic adhesives. By
“acrylic monomer” is meant polymerizable monomers hav- o]
ing one or more acrylic or substituted acrylic moieties, 4
chemical groups or functionality; that is, groups having the
general structure RS

il
—o—c—<|:=cx{z.

lf |C|’ The value of a is an integer greater than or equal to 1, more
H.L=C—C—0—R' 45 preferably, from 1 to about 8, and most preferably from 1 to
4, The integral value of b is greater than or equal to 1, more
. \ . . preferably, from 1 to about 20. The value of ¢ is 0 or 1.
wherein R and R’ are organic radicals that may be the same Acrvli . o ation initi

. . crylic monomers useful with the polymerization initia-
or that may be different. Blends of acrylic monomers may  ¢or systems include ethylene glycol dimethacrylate, ethylene
also bf?l “csgd- :;he I’l(’lym:t‘ilm;lc aayhfnll;l}ongmihma);fbe 5o Elycol diacrylate, polycthylene glycol diacrylate, tetracthyl-
o e ok /e dnshiias, g, bt e

glyco acrylate, pentae a s y-

and n;ethacrylatc :ﬁotcrs and the substituted derivatives lolpropane trimethacrylate, and other pol;g;;]er diacrylates
thereof such as hydroxy, amide, cyano. chloro, and silane and dimethacrylates.
derivatives. Such monomers include, methyl acrylate, Other polymerizable monomers useful in the invention
methyl methacrylate, ethyl acrylate, ethyl methacrylate, have the general formula:

RI® RI0
| |
H2C=C—ﬁ—0—(R"—O)a—ﬁ—Rlz—ﬁ—(o—-k")d-—o—ﬁ—c=c}lz.

o} [0} o 0

isobornyl methacrylate, hydroxyethyl methacrylate, hydrox- R!° may be hydrogen, chlorine, methyl or ethyl; R'! may be
ypropyl acrylate, hydroxypropyl methacrylate, butyl ¢5 an alkylene group with 2 to 6 carbon atoms; and R'? is
acrylate, n-octyl acrylate, 2-ethylhexyl acrylate, (CH,). in which e is an integer of O to 8, or one of the
2-ethylhexyl methacrylate, decylmethacrylate, dodecyl following:
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N
R >C=C< s /C=C\ )
H H H
N N S
C=C or C=C .
/N /N
H CH; H

the phenyl group being substitutable at any one of the ortho,
meta or para positions. The value of d is an integer of 1 to

Typical monomers of this class include dimethacrylate of
bis(ethylene glycol)adipate, dimethacrylate of bis(ethylene
glycol)maleate, dimethacrylate of bis(ethylene glycol)
phthalate. dimethacrylate of bis(tetracthylene glycol)
phthalate, dimethacrylate of bis(tetraethylene glycol)
sebacate, dimethacrylates of bis(tetracthylene glycol)
maleate, and the diacrylates and chloroacrylates
corresponding to the dimethacrylates, and the like.

Also useful are monomers that are isocyanate-
hydroxyacrylate or isocyanate-aminoacrylate reaction prod-
ucts. These may be characterized as acrylate terminated
polyurethanes and polyureides or polyureas. Such mono-
mers have the following general formula:

|

where X is selected from the group consisting of —O— and

o
]

T—X—C—NH r; L

RO
I
—N—.

R" is selected from the group consisting of hydrogen and
lower alkyl groups (i.e., 1 to 7 carbon atoms). T is the
organic residue of an active hydrogen-containing acrylic
ester the active hydrogen having been removed and the ester
being hydroxy or amino substituted on the alkyl portion
thereof (including the methyl, ethyl and chlorine homologs).
The integral value of f is from 1 to 6. L is a mono- or
polyvalent organic radical selected from the group consist-
ing of alkyl, alkylene, alkenyl, cycloalkyl, cycloalkylene,
aryl, aralkyl, alkaryl. poly(oxyalkylene), poly
(carboalkoxyalkylene), and heterocyclic radicals, both sub-
stituted and unsubstituted.

Typical monomers of this class include the reaction
product of mono- or polyisocyanates, for example, toluene
diisocyanate, with an acrylate ester containing a hydroxy or
an amino group in the non-acrylate portion thereof, for
example, hydroxyethyl methacrylate.

Still another class of monomers useful in the present
application are the mono- and polyacrylate and methacrylate
esters of bisphenol type compounds. These monomers may
be described by the following formula:

R17 O RI6 RM
[ | |
CH2=C—C—(O—f—CH2-);O (II
R RU
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10
where R** is methyl, ethyl, carboxyalkyl or hydrogen; R'%
is hydrogen, methyl or ethyl; R'S is hydrogen, methyl or
hydroxyl; R' is hydrogen, chlorine, methyl or ethyl; and g
is an integer having a value of 0 to 8.

Representative monomers of the above-described class
include dimethacrylate and diacrylate esters of 4.4'-bis-
hydroxyethoxy-bisphenol A, dimethacrylate and diacrylate
esters of bisphenol A, etc.

The compositions may further comprise a variety of
optional additives. One particularly useful additive is a
thickener such as a low (i.c., less than or equal to about
100,000) molecular weight polymethyl methacrylate which
may be incorporated in an amount of about 20 to 40 wt. %
(weight percent), based on the weight of the composition.
Thickeners may be employed to increase the viscosity of the
composition to a more easily applied viscous syrup-like
consistency.

Another useful adjuvant is a crosslinking agent that can be
used to enhance the solvent resistance of the adhesive bond.
Typically employed in an amount of about 0.2 to 1 weight
percent based on the weight of the composition, useful
crosslinkers include ethylene glycol dimethacrylate, ethyl-
ene glycol diacrylate, triethyleneglycol dimethacrylate,
diethylene glycol bismethacryloxy carbonate, polyethylene
glycol diacrylate, tetracthylene glycol dimethacrylate, dig-
Iycerol diacrylate, diethlene glycol dimethacrylate, pen-
taerythritol triacrylate, trimethylopropane trimethacrylate,
and other polyether diacrylates and dimethacrylates.

Peroxides may be optionally included to adjust the speed
at which the compositions polymerize or to complete the
polymerization.

Small amounts of inhibitors such as hydroquinone may be
used to prevent or reduce degradation of the acrylic mono-
mers during storage. Inhibitors may be added in an amount
that does not materially reduce the rate of polymerization or
the adhesive properties of an adhesive made therewith,
typically about 0.1 to 5% based on the weight of the
polymerizable monomers.

Various plasticizers and elastomeric fillers (i.e.. rubbery
polymers based on polyisoprene, polybutadiene,
polyolefins, polyurethanes and polyesters) may be added to
improve flexibility or toughness. Other possible additives
include non-reactive colorants, fillers (e.g.. carbon black),
etc. The optional additives are employed in an amount that
does not significantly adversely affect the polymerization
process or the desired properties of compositions made
therewith.

As will be shown below, the polymerizable acrylic com-
positions of the invention are especially useful for adhe-
sively bonding low surface energy substrates that histori-
cally have been very difficult to bond without using
complicated surface preparation techniques, priming, etc.
By low surface energy substrates is meant materials that
have a surface energy of less than 45 mJ}/m?, more typically
less than 40 mJ/m” or less than 35 mJ/m>. Included among
such materials are polyethylene, polypropylene,
acrylonitrile-butadiene-styrene, polyamide, and fluorinated
polymers such as polytetrafluoroethylene (TEFLON) which
has a surface energy of less than 20 mJ/m®. Other polymers
of somewhat higher surface energy that may be usefully

RIS 0 RV
| |
O—(CHy) —IC -0 )'-C —C=CH;

RB
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bonded with the compositions of the invention include
polycarbonate and polymethylmethacrylate. However, the
invention is not so limited; the compositions may be used to
bond any thermoplastic as well as wood, ceramics, concrete
and primed metals.

The polymerizable compositions of the invention are
easily used as two-part adhesives. The components of the
polymerizable composition are blended as would normally
be done when working with such materials. The acid com-
ponent of the polymerization initiator system is usually
included in this blend so as to separate it from the orga-
noborane amine compiex, thus providing one part of the
two-part composition. The organoborane amine complex of
the polymerization initiator system provides the second part
of the composition and added to the first part shortly before
it is desired to use the composition. The complex may be
added to the first part directly or it may be predissolved in
an appropriate carrier such as a small amount of methyl
methacrylate. Once the two parts have been combined, the
composition should be used quickly, as the useful pot life
may be on the order of about a quarter-hour or so depending
upon the monomer mix, the amount of complex, and the
temperature at which the bonding is to be performed.

The polymerizable composition is applied to one or both
substrates and then the substrates are joined together with
pressure to force excess composition out of the bond line.
This also has the advantage of displacing composition that
has been exposed to air and that may have begun to oxidize.
In general. the bonds should be made shortly after the
composition has been applied, preferably within about 10
minutes. The typical bond line thickness is about 0.1 to 0.3
mm. The bonding process can easily be carried out at room
temperature and to improve the degree of polymerization it
is desirable to keep the temperature below about 40° C..
preferably below 30° C., and most preferably below about
25° C.

The bonds will cure to a reasonable green strength to
permit handling of the bonded components within about 2to
3 hours. Full strength will be reached in about 24 hours
under ambient conditions; post-curing with heat may be
used if desired.

When bonding fluoroplastics, it is advantageous to cool
the first part of the two-part composition to about 0° to 5° C.
before adding the organoborane amine complex. The bond
should be made as soon after the composition has been
applied as practical; performing the bonding operation at
less than room temperature is also helpful.

The polymerization initiator systems are also very useful
in forming primers. A primer solution may be prepared by
dissolving the organoborane amine complex in an inert
organic solvent such as pentane, hexane, petroleum ether,
white spirits, benzene, toluene, ethylacetate, butylacetate,
and the like. While any of the above described arganoborane
amine complexes may be used in making primers, those
which demonstrate additional stability in organic solvents,
such as those complexes based on tripropyiborane, are
preferred.

An effective amount of the complex is a concentration of
about 5 to 15 wt. % in the solvent, preferably about 10 wt.
%. A 10 wt. % primer solution applied at about 80 to 100
g/m2 is adequate. If the concentration is too low, then there
is insufficient primer to effectively polymerize the subse-
quently applied acrylic composition. If the concentration is
too high, then the polymerization may proceed too guickly.
In either event, the resulting adhesive bond may demonstrate
reduced shear adhesion.

The primer should be applied to the surfaces of both
substrates that are to be bonded, although the subsequently
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applied acrylic composition need only be provided on one
surface. Once the solvent has been evaporated, the compo-
sition is desirably applied as soon after the primer has been
deposited as practically possible so as to avoid oxidative
degradation of the primer. However, the use of the primer
offers the distinct advantage of permitting the application of
the acrylic composition to be delayed for several hours. as
much as about 7 hours or even more. Otherwise, the bonding
process is as described above with the use of the two-part
compositions,

In addition to their outstanding utility as adhesives, the
polymerizable acrylic compositions of the invention may be
used as sealants, coatings, and injection molding resins.
They may also be used as matrix resins in conjunction with
glass and metal fiber mats such as in resin transfer molding
operations. They may further be used as encapsulants and
potting compounds such as in the manufacture of electrical
components, printed circuit boards and the like.

The invention will be more fully appreciated with refer-
ence to the following nonlimiting examples in which all
weights are given as weight percents (wt. %) based on the
total weight of the composition which is 100 wt. %. Data
reported in the following examples have been rounded off to
one significant digit following the decimal. Accordingly, not
all compositions may sum to exactly 100.0%.

EXAMPLES 1 TO 13

Examples 1 to 13 illustrate the pyrophoricity of various
organoboranes and organoborane amine complexes. The
organoborane amine complexes were prepared by combin-
ing the organoborane and the amine in an inert argon
atmosphere with cooling to form the complex. The pyro-
phoricity of the various organoboranes and organoborane
amine complexes was assessed in a “Charring Time” test
and in an “Ignition Time” test.

The charring time was determined by applying one drop
of the organoborane or the organoborane amine complex to
a 30 mmx30 mm piece of cotton fabric and measuring the
time that elapsed until the fabric began to char or ignite
(whichever first occurred). The ignition time was deter-
mined by dipping another 30 mmx30 mm piece of cotton
fabric into the organoborane or the organoborane amine
complex in an inert atmosphere. exposing the fabric to air,
and measuring the time that elapsed until the fabric ignited.
The tests were terminated after about 24 hours if no charring
or ignition had occurred. The test results are reported below
in Table 1.

Terms used in these examples are defined according to the
following schedule:

Term Definition

Bu Butyl

i-Bu iso-Butyl

Et Ethyl

Pr Propyl

TABLE 1
Organoborane or Ignition
Example Organoborane Amine Charring Time Time
No. Complex (seconds) (seconds)

1 Pr;B 1* 1
2 i-Bu,B 1 1
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TABLE 1-continued
Organoborane or Ignition
Example Organoborane Amine Charring Time Time
No. Complex (seconds) (seconds)
3 Bu,B 1 1
4 Pr;B.NH, 4-6 10
5 Pr,B.HNEL, 3 H
6 PryB.H,NBu-i 55 104
7 i-Bu,BNH; 4 4
8 i-Bu; B.HNEt, 2 1
9 i-Bu,B.H,NBu-i 12 20
10 2PryB H,N(CH,)¢NH, Did not char Did not
or ignite ignite
11 2i-By;BH,N(CH,)sNH,  Didnotchar  Did not
or ignite ignite
12 Pry,B.H,N(CH,)sNH, Did not char Did not
or ignite ignite
13 i-Bu,B.H,N(CH,),NH, Did not char Did oot
or iguite ignite
*gnited.

Table 1 shows that uncomplexed organoboranes
(examples 1 to 3) are inherently extremely pyrophoric and
that complexing these materials with ammonia,
diethylamine, or isobutyl amine (examples 4 to 9) does not
sufficiently reduce their inherent pyrophoricity to render the
resulting complex readily usable. However, in examples 10
to 13 where the organoboranes were complexed with 1,6-
hexamethylenediamine, the cotton fabric neither charred nor
ignited. The organoborane amine complexes of examples 10
to 13 are not pyrophoric and remain stable for at least about
2 weeks when stored in a sealed vessel at room temperature
under otherwise ambient conditions. Thus, the organoborane
amine complexes of examples 10 to 13 are “air stable” and
are useful in providing polymerization initiator systems and
compositions made therewith according to the invention.

EXAMPLES 14 TO 53

Examples 14 to 53 show the excellent adhesion to low
surface energy substrates such as polytetrafluorocthylene
(PTFE) and polyethylene (PE) that is possible when poly-
merizable acrylic adhesive compositions that incorporate
polymerization initiator systems are used.

Except as noted below, in each example a methacrylate
monomer, an acrylate monomer, and a thickening agent
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(*“Thickener”) were stirred together until complete dissolu-
tion occurred using heat as necessary to promote dissolution.
An acid, an organoborane amine complex. and an additional
amount of substantially uncomplexed organoborane were
then added and mixed. Within about 10 minutes of the
compositions having been prepared they were applied to
polytetrafluoroethylene and polyethylene substrates and
tested for overlap shear strength at room temperature fol-
lowing the procedures of State Standard of the (Former)
Soviet Union (GOST) 14759-69 (*Adhesive joints of met-
als. Method for determining the shear strength.”).

More specifically, and unless noted otherwise, the com-
position was applied to substrate coupons measuring 60
mmx20 mmx2 mm thick. The coupons were mated to
provide a 200 mm? overlap area and an adhesive bond that
was about 0.1 to 0.3 mm thick. The bonded samples were
usually cured for about 24 hours before being mounted in a
tensile testing apparatus and evaluated at a crosshead speed
of 20 mm/min. The reported data are an average of five
samples. The test results in megaPascals (MPa) are reported
below in Table 2.

For polyethylene bonding, overlap shear strength values
below about 5 MPa are not generally considered desirable,
values in the range of about S to 8 MPa are marginally
acceptable, and values greater than about 8 are considered
excellent. For polytetrafiuoroethylene bonding, overlap
shear strength values below about 3 MPa are generally
considered undesirable, values in the range of about 3 to 5
MPa are regarded as marginally acceptable, and values in
excess of 5 MPa are considered excellent.

Alsoreported in Table 2 is the failure mode for the various
bonded composites. “A” refers to adhesional failure (i.e.,
failure at the interface between the substrate and the
adhesive), “S” refers to substrate failure (i.c., fracture or
elongation of at least one of the substrates), and “M” refers
to mixed failure (i.e., a combination of substrate failure and
failure within the adhesive bond). The most preferred failure
modes are substrate failure and mixed failure.

Except as noted below, in each example the methacrylate
monomer was methylmethacrylate, the acrylate monomer
was n-butylacrylate, the organoborane amine complex was
tripropylborane complexed with monoethanolamine at a
nitrogen atom to boron atom ratio of 1:1, the additional
organoborane was tripropylborane, and the thickener was
polymethylmethacrylate.

TABLE 2
Shear
Wt. % Wt. % Wt % Strength Failure
Example Methacrylate Acrylate Wt. %  Organo- Acid Wt. % (MPa) Mode
No. Monomer Monomer Complex borane Formula Wt. % Thickener PIFE PE PIFE PE
14 61.5 260 0.5 15 SnoCl, 0.5 100 0.6 1.5 A S
15 54.5 230 0.5 L5 SnCl 0.5 200 52 102 A S
16 49.1 214 0.5 L5 SoCl, 0.5 270 5.2 120 A S
17 421 184 0.5 L5 SnCl, 0.5 37.0 53 120 A S
18 49.1 214 0.5 1.5 SaCl, 0.5 27.0 52 117 A S
19 49.1 214 0.5 L5 SaCl, Q05 27,00 52 117 A S
20 49.1 214 0.5 L5  SoCl, 0.5 27.0® 53 112 A S
21 54.5 230 0.5 1.5 SnCl, 0.5 2009 53 119 A S
22 54.5 230 0.5 1.5 SnCl 0.5 200@ 49 102 A S
23 54.5 2309 0.5 15 SaCl, 0.5 200 52 122 A S
% 54.5 23,09 0.5 1.5 SnCl, 0.5 200 52 104 A S
25 54.5® 230 0.5 L5 SnCl, 05 200 50 99 A S
26 372 248 5.0 1.0 HCI® 5.0 270 5.1 112 A S
27 399 26.6 3.0 0.5 HCI® 3.0 270 1.5 114 A S
28 377 25.2 5.0 0.1 SoCi, 5.0 270 32 120 A S
29 40.1 26.8 3.0 1.0 SnCl, 3.0 210 50 115 A 8
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TABLE 2-continued
Shear
Wt. % Wt. % Wt. % Strength Failure
Example Methacrylate Acrylate Wt. %  Organo- Acid wt. % {MPa) Mode

No Monomer Monomer Complex borane Formula Wt. % Thickener PTFE PE PIFE PE
30 477 18.5 0.5 30 SnCl, 0.5 300 53 124 A S
31 317 25.2 5.0 0.1 TiCl, 50 270 30 119 A S
32 312 248 5.0 10 H,80, 50 270 42 108 A S
33 38.1 259 5.0 10  H;PO, 30 270 40 105 A S
34 39.8 26.2 3.0 10 HPO, 30 270 45 11.3 A S
35 139 63.6 0.5 1.5 H,PO, 0.5 200 53 122 A S
36 47.5 200 0.5 1.5 H,PO, 0.5 300 53 115 A S
37 380 385 1.0 15 SnCl, 1.0 200 48 121 A S
38 9.0 5.0 0.5 50 SnCl, Q.5 200 36 9.1 A S
39 725 50 0.5 1.5® snCl, 05 200 51 119 A 8
40 4.1 294 3.0 0.5 CH,COOH 30 200 42 112 A S
41 44.1 294 3.0 0.5 CH,—=CCOOH 30 200 36 108 A S
4?2 44.1 294 3.0 0.5 CH,=C(CH,)—COOH 30 200 32 105 A S
43 49.6 214 0.0 20 SnCl, 20 250 0.5 1.1 A A
44 51.0 204 00 12 SnCl, 04 27.0 08 1.3 A A
45 50.7 203 0.0 1.6 SnCl, 24 250 0.8 12 A A
46 52.1 209 0.0 16 SnCl, 0.4 250 0.7 1.1 A A
47 472 17.8 00 70 SaCl, 30 250 0.1 04 A A
48 476 16.4 0.0 40 SnCl, 7.0 250 0.1 02 A A
49 49.6 214 2.0 090 8aCl, 20 250 0.5 1.1 A A
50 68.1 30.0 0.0 14® NA 00 00 09 00 NA NA
51 490 0.0 0.0 20® NA 00 450 00 00 NA NA
52 50.0 21.2 04 005 5nCl, 04 210 03 09 A A
53 61.0 315 0.5 1.5 SnCl, 0.5 5.0 0.1 0.3 A A

NA = Not applicable

1Quartz powder

2Polystyrene-butylene

*Fumed silica

“Methylacrylate

31,1,5 Trihydrooctafluoroamylacrylate

SButylmethacrylate

71.1 Molar

*Tributylborane

Examples 14 to 17 show the effect of varying the relative
amounts of the methacrylate monomer, the acrylate
monomer, and the thickening agent. In example 14, insuf-
ficient thickener was used for this composition resulting in
a unny acrylic adhesive that did not develop very good
overiap shear strength to polytetrafluoroethylene and poly-
ethylenc. The remaining examples demonstrated much
improved adhesion. About 20 to 40 wt. % of a polymeth-
ylmethacrylate thickener may be usefully incorporated into
the compositions of the invention. Whether or not a thick-
ener is required depends upon the selection of the acrylic
monomers. If monomers of a high enough viscosity and a
high enough vapor pressure are used, then a thickener may
not be needed.

Examples 16 and 18 to 20 show the effect of varying the
type of thickener in otherwise identical formulas. (The
polymethylmethacrylate of example 18 was from a different
source.) The adhesion to polyethylene and polytetrafluoro-
ethylene changed only slightly. In addition to polymethyl-
methacrylate thickeners. quartz powder, fumed silica, and
polystyrene-butylene may also be used. Examples 15, 21,
and 22 may be similarly compared. There was little change
in adhesion when these different thickeners were employed.

Examples 15, 23 and 24 show that changing the acrylate
monomer from n-butylacrylate to methylacrylate or 1.1.5-
trihydrooctafluoroamylacrylate did not significantly affect
the overlap shear sirength to polytetrafluoroethylene or
polyethylene. Examples 15 and 25 illustrate that both meth-
ylmethacrylate and butylmethacrylatc monomers may be
successfully incorporated into polymerizable compositions
according to the invention.
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Examples 26 to 39 show the effect on overlap shear
strength of bonds made to polytetrafluoroethylene and poly-
ethylene as a consequence of changing the relative amounts
of the methacrylate monomer, the acrylate monomer, the
organoborane amine complex, the organoborane, and the
thickener. Example 39 uses tributylborane rather than tripro-
pylborane thereby evidencing that alternative alkylboranes
may be used. Also demonstrated is the effect of using
various acids (tin chloride, titanium chloride, hydrochloric
acid, sulfuric acid, and phosphoric acid) in differing
amounts. Examples 30 and 35, though differing in various
aspects, each afforded excellent adhesion to both polytet-
raflucroethylene and polyethylene. Polytetrafluoroethylene,
a historically very difficult material to bond, showed more
sensitivity to variations in the composition than did poly-
ethylene. Varying the relative amounts of the organoborane
amine complex, the organoborane, and the acid more than
doubled the adhesion to polytetrafluoroethylene while hav-
ing a significantly smaller effect on the adhesion to poly-
ethylene.

Examples 40 to 42 show that in addition to the inorganic
acids employed in the previous examples, various organic
acids (e.g., acetic acid, acrylic acid and methacrylic acid)
can also be used in the polymerizable compositions of the
invention. Organic acids are preferred because they are
easier to handle.

Examples 43 to 48 demonstrate the effect of preparing
various adhesive compositions that do not include an orga-
noborane amine complex. Only minimal adhesion to poly-
ethylene and polytetrafluoroethylene was obtained.

Example 49 illustrates that when an organoborane amine
complex based on monoethanolamine is included but no
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additional source of organoborane is provided, acceptable being an alkyl methacrylate (preferably
adhesion to polyethylene is obtained but only minimal methylmethacrylate).
polytetrafluoroethylene adhesion is observed. Thus, the '
presence of an additional source of substantially uncom- EXAMPLE 54
plexed organoborane is needed for excellent adhesion to s . . . . .
polytetrafluoroethylene but not polyethylene when the com- An adhesive composition that is especially well suited for
plex is based on monoethanolamine. The organoborane may bonding fluorinated polymers and polyethylene was pre-
be provided by any of the organoboranes described above in ~ pared by blending 42.1 wt. % methylmethacrylate, 18.4 wt.
conjunction with the complex. Those organoboranes thatare % butylacrylate, and 37.0 wt. % of a polymethylmethacry-
preferred for use in the complex are also preferred for use as 10 late thickening agent until complete dissolution occurred.
the source of additional organoborane. Preferably the 0.5 wt. % of SnCl, acid was then added followed by a
amount of substantially uncomplexed organoborane is about ~ mixture of 1.5 wt. % tripropylborane and 0.5 wt. % mono-
0.1 to 7 mole % based on the number of moles of acrylic  €thanolamine. Once mixed, the composition was applied to
functionality. more preferably about 0.2 to 6 mole %, and  a polyethylene substrate and a polytetrafluoroethylene sub-
most preferably about 1 to 3 mole %. However, as will be 15 Strate. The two substrates were joined, cured for 24 hours
shown below, by changing the amine to 1,6- under ambient conditions, and tested for overlap shear
hexamethylenediamine, excellent adhesion to polytetrafiuo- ~ strength according to GOST 14759-69, in the manner
rocthylene is possible even when no additional organobo- described above. The overlap shear strength was 5.1 MPa
rane source is provided. with substrate failure.
Examples 50 and 51 show the result of providing adhesive 20
compositions that include neither an organoborane amine EXAMPLES 55 TO 75
complex nor an acid as well as the optional thickener Utilizing the weight percentages shown in Table 3 below,
(example 50) or the optional acrylate monomer (example series of adhesive compositions according to the invention
51). No adhesion to either polyeth}tl?ne or polytetrafinoro- ,5 Was prepared by blending methylmethacrylate monomer,
f:thylcne was obtained. The compositions of these examples n-butyl acrylate monomer, and a polymethylmethacrylate
included tnbut.yl.borane. thickening agent until complete dissolution occurred. An
The compositions of examples 52 and 53 show the effect  4¢id followed by an organoborane amine complex were then
of'using too little organoborane (example 52) and too little added with stirring. Except as noted below, the acid was
thickener (example 53). 30 Methacrylic acid and the organoborane amine complex was
From the foregoing examples it can be seen that a based on tripropylborane and 1,6-hexamethylenediamine
particularly desirable polymerizable composition according (1:1 nitrogen atom to boron atom ratio). Following the
to the invention comprises, based on the total weight of the procedures of GOST 14759-69 as described above, bonded
composition. about 5 to 65 wt. % of an alkyl acrylate composites using polyethylene (PE), polytetrafiuoroethyl-
monomer (preferably butyl acrylate), about 0.5 to 5 wt. % of 35 cne (PTFE) and polyvinyl chloride (PVC) substrates (each
an organoborane amine complex (preferably a substrate being bonded to another substrate of the same
tripropylborane-monoethanolamine complex), about 0.1 to 5 material) were prepared, cured under ambient conditions for
wt. % of an additional organoborane (preferably tripropyl 48 hours, and tested for overlap shear strength with the
borane), about 0.5 to 5 wt. % of an acid. about 20 to 40 wt. results reported in Table 3 below. Also shown in Table 3 is
% of a thickening agent (preferably the failure mode of the bonded composites, as defined
polymethylmethacrylate), the balance (about 10 to 65 wt. %) above.
TABLE 3
Wt. %
Methyl- Wt. % Wt %
Example methacrylate Butylacrylate Organoborance Wt. % Wt %  Shear Strength (MPa) __Failure Mode
No. Monomer Monomer  Amine Complex  Acid Thickener PE PIFE PVC PIFE PE PVC
55 408 282 0.5 05 300 121 88 15 S S 8
56 379 272 29 29 201 1n8 90 117 s S S
57 36.2 257 438 48 286 115 93 13 s S 8
58 346 243 6.5 65 280 109 84 107 § S S
59 356 287 3.0 30 297 122 101 17 S S8 8§
60 39.8 30.1 29 29 243 108 95 105 S S8 §
61 300 270 30 30 370 17 97 114 S S 8
62 393 13.1 6.5 6.5 346 115 81 103 M S S8
63 356 386 0.5 05 48 105 78 96 M S 8
64 s 529 2.9 29 294 110 89 104 S S 8
65 369 282 290 29 291 112 92 108 S§ S 8
66 369 282 29 299 21 107 84 108 S S 8§
67 369 282 29 29 291 123 99 10 S S 8
68 369 282 29 29 291 108 93 16 S S S
69 369 282 299 29 29.1 1.2 93 101 S S S
70 369 282 29@ 29 21 14 90 05 S S 8§
7 415 279 0.4 04 299 53 32 43 A A S
72 312 248 8.3 83 27.5 12 07 15 A A A
73 447 30.1 29 29 19.4 36 23 38 A A A
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TABLE 3-continued
Wt. %
Methyl- Wt % Wt. %

Example methacrylate Butylacrylate Organoborance Wt. % Wt. % _Shear Strength (MPa) __Failure Mode
No. Monomer Monomer  Amine Complex  Acid Thickener PE PTFE PVC PTFE PE PVC
74 99 54.5 30 30 27 35 20 3.1 A A A
75 521 10.4 31 31 313 25 18 29 A A A

IComplex based on tri-isobutylborane and 1,6-hexamethylenediamine (nitrogen atom:boron atom ratio = 1:1)

2Acrylic acid

3Complex based on tri-n-butylborane and 1,6-hexamethylenediamine (nitrogen atom:boron atom ratio = 1:1)

“Nitrogen atom:boron atom ratio = 2:1.

Examples S5 to 59 show the effect on adhesion to
polyethylene, polytetrafluoroethylene and polyvinylchloride
as the relative amounts of methylmethacrylate monomer,
butylacrylate monomer, methacrylic acid, and polymethyl-
methacrylate thickening agents are varied. Examples 60 to
64 make similar comparisons and also vary the amount of
complex.

Examples 65 to 70 demonstrate the results of varying the
organoborane amine complex, the acid and the thickening
agent. In example 65 the organoborane amine complex is
based on tri-isobutylborane and 1,6-hexamethylenediamine
at a 1:1 nitrogen atom to boron atom ratio. In example 66,
the acid is acrylic acid. Examples 67 and 68 employ poly-
methylmethacrylate thickening agents from different
sources.

Example 69 uses an alkylborane amine complex based on
tri-n-butylborane and 1.6-hexamethylenediamine (nitrogen
atom to boron atom ratio=1:1) The organoborane amine
complex of example 70 is based on tripropylborane and
1.6-hexamethylenediamine but at a nitrogen atom to boron
atom ratio of 2:1.

Examples 71 and 72 show the effect of having too little or
too much complex and too little or too much acid in the
adhesive composition. Example 73 illustrates that poor
adhesion is obtained when insufficient thickening agent is
employed. Consequently the adhesive composition of
example 73 was too low in viscosity and began to oxidize
prematurely. Example 73 may be contrasted with example
15 where the presence of, additional organoborane over-
comes the premature oxidation. Example 74 demonstrates
the use of a relatively small amount of methacrylate mono-
mer with a relatively large amount of acrylate monomer.
Example 75 shows the opposite relationship.

From the foregoing examples it can be seen that a
particularly desirable polymerizable composition according
to the invention comprises, based on the total weight of the
composition, about 10 to 55 wt. % of an alkyl acrylate
(preferably buty! acrylate), about 10 to 50 wt. % of an alkyl
methacrylate (preferably methyl methacrylate), about 0.5 to
7 wt. % of an organoborane amine complex (preferably a
tripropylborane-1.6-hexamethylenediamine complex).
about 0.5 to 5 wt. % of an acid (preferably acrylic or
methacrylic acid), and about 25 to 40 wt. % of a thickening
agent (preferably polymethylmethacrylate).

EXAMPLES 76 TO 98

Examples 76 to 98 illustrate another preferred way in
which the polymerization initiator systems of the invention
may be used. In these examples, the substrates to be bonded
were pretreated (e.g., by spraying or brushing) with a primer
that comprised an organoborane amine complex in an
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organic solvent. Once applied, the primer solvent was
evaporated and a polymerizable acrylic adhesive composi-
tion was then applied. The substrates were then mated and
allowed to cure for 24 to 48 hours before they were tested
for overlap shear strength following the procedures of
GOST 14759-69, as described above. The results of these
tests using polyethylene (PE), polyvinylchloride (PVC) and
polytetrafluoroethylene (PTFE) substrates, each substrate
bonded to a second substrate of the same material, are
reported below in Table 4. The “exposure time” refers to the
time for which the primer was exposed to air after having
been applied to a substrate and before the adhesive was
applied.

More specifically, and unless otherwise noted below: the
organoborane amine complex was based on tripropylborane
and 1,6-hexamethylenediamine at a nitrogen atom to boron
atom ratio (N:B) of 1:1.; the complex was dissolved in
pentane (solvent) to a 10% solution; and the polymerizable
adhesive comprised 39 wt. % methylmethacrylate monomer,
35 wt. % butylacrylate monomer, 1 wt. % methacrylic acid,
and 25 wt. % of a polymethylmethacrylate thickening agent.

TABLE 4
Primer Exposure Shear Strength
Example Composition Time {(MPa)
No. Remarks (Min.) PE PVC PIFE
76 5% Solution 10 94 8.2 82
77 8% Solution 10 10.1 8.8 9.5
78 No Remarks 10 10.2 8.2 94
79 12% Solution 10 10.3 8.7 9.6
80 No Remarks 30 12.1 9.1 9.6
81 No Remarks 60 113 8.8 9.5
82 No Remarks 120 10.8 89 24
83 No Remarks 180 105 8.7 9.8
84 No Remarks 360 9.8 85 85
85 No Remarks 420 9.7 8.6 83
86 No Remarks 480 57 53 43
87 N:B =25:1 20 28 8.5 B4
88 NB =21 20 10.1 8.2 8.7
89 N:B =131 20 10.5 88 9.1
20 N:B=09:1 20 9.7 84 89
91 Complex uses 20 11.3 89 9.5
tri-
isobutylborane
and 1,6-
hexamethylene
92 Complex uses 20 103 80 85
tri-
isobutylborane
and 1,6-
hexamethylene
diamine, N:B =
2:1
93 Hexane solvent 20 11.5 89 9.1
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TABLE 4-continued
Primer Exposure Shear Strength
Example Composition Time (MPa)
No. Remarks (Min.) PE PVC PIFE
) Petroleum 20 113 87 9.0
ether solvent
95 White spirits 20 11.1 8.6 9.2
solvent
9% Benzene 20 109 84 9.5
solvent
97 Toluene 20 11.0 85 87
solvent
98 Butylacetate 20 107 83 84
solvent

Examples 76 to 79 illustrate that primer solution concen-
trations of about 5% to 12% may be used in accordance with
the invention. Examples 78 and 80 to indicate that once the
primer has been applied, the primed substrate can be left
exposed to the air for up to at least 7 hours without
detrimentally affecting the strength of the subsequent adhe-
sive bond. In examples 78 and 87 to 90 the nitrogen atom to
boron atom ratio in the organoborane amine complex was
varied from 0.9:1 to 2.5:1 without adversely affecting adhe-
sion.

Examples 91 and 92 indicate that useful organoborane
amine complexes can be prepared from tri-isobutylborane
and 1.6-hexamethylenediamine. Examples 93 to 98 illustrate
the wide variety of useful organic solvents that may be
employed in preparing primer compositions according to the
invention.

EXAMPLES 99 TO 106

Examples 99 to 106 further illustrate the provision and
use of primers according to the invention. Primers were
prepared and applied as described in conjunction with
examples 76 to 98 (tripropylborane and 1,6-
hexamethylenediamine in pentane). The ratio of nitrogen
atoms to boron atoms (N:B) was 1:1 except in example 99
(N:B=4:1) and example 100 (N:B=0.8:1). The concentration
of the primer solution, the exposure time, the “cure time”
(i.e., the time over which the bonded composites were cured
before testing). and the overlap shear strength test results
(based on GOST 14759-69) are all reported in Table 5
below.

The bonded composites were prepared as deseribed in
conjunction with Examples 76 to 98 and using the adhesive
composition of these examples.

TABLE 5
Shear
Concentration of Exposure Strength
Example  Primer Solution Time Cure (MPa)
No. (wt. %) Min) Time PE PVC PIFE

99 10 20 24 hrs. 21 23 1.7
100 10 20 24 hrs. 25 27 19
101 3 20 24 hrs. 32 25 1.3
102 15 20 24 hrs. 56 49 4.1
103 15 420 60 hrs. 9.6 85 84
104 15 420 10 days 9.7 84 8.3
105 15 420 30 days 98 82 85
106 15 420 6months 95 83 86

Example 99 shows the effect on adhesion when the
nitrogen atom to boron atom ratio is too high (4:1) and
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example 100 shows the effect when the ratio is too low
(0.8:1). The ratio should be in the range of about 1:1 to 2:1,
more preferably about 1:1 to less than 2:1, even more
preferably about 1:1 to 1.5:1, and most preferably about 1:1.

Example 101 shows that reduced adhesion results from
using a primer having a reduced concentration of the orga-
noborane amine complex. Adhesion improved significantly
when the primer solution concentration was increased from
3% (example 101) to 15% (example 102).

Examples 103 through 106 demonstrate that the primer
solutions of the invention can be exposed to air (after
application to a substrate) for up to at least 7 hours without
adversely affecting subsequently made adhesive bonds. The
adhesive bonds show no significant diminution in shear
strength even after aging for 6 months before testing.

EXAMPLES 107 TO 110

Examples 107 to 110 illustrate the effect of using a primer
with a polymerizable acrylic composition that also contains
an organoborane amine complex.

In examples 107 and 108 a 10% primer solution com-
prising a tripropylborane-1,6-hexamethylenediamine com-
plex in pentane was applied to polyethylene (PE), polyvi-
nylchloride (PVC) and polytetrafluoroethylene (PTFE)
substrates as described in conjunction with examples 99 to
106. A polymerizable acrylic adhesive comprising 44.1 wt.
% methylmethacrylate monomer, 29.4 wt. % butylacrylate
monomer, 3.0 wt. % methacrylic acid, 20 wt. % polymeth-
ylmethacrylate thickening agent, 0.5 wt. % tripropylborane,
and 3.0 wt. % tripropylborane-monoethanolamine complex
(N atom:B atom ratio=1:1) was prepared and allowed to
remain in the mixing vessel for a period of time referred to
in Table 6 below as the “Pot Time.” The acrylic adhesive
composition was then applied to the primed substrates. In
each example the acrylic adhesive was applied 10 minutes
after the primer had been applied. Bonded composites were
prepared, cured, and tested according to GOST 14759-69
and Table 6 below. The overlap shear strength test results are
also reported in Table 6.

Examples 109 and 110 were prepared and tested in the
same manner except that mo primer was applied to the
substrates.

TABLE 6
Example Primer Pot Time Shear Strength (MPa)
No. Applied (Min.) PE PVC  PTFE
107 Yes 20 10.3 87 84
108 Yes 30 10.5 9.1 8.7
109 No 20 10 0.8 00
110 No 5 10.5 3.2 00

Examples 107 to 110 show that the use of a primer
according to the invention can extend the working life of
compositions that also include a polymerization initiator.
The useful working life of the adhesive of examples 109 and
110 was between 5 and 20 minutes for polyethylene and
polyvinylchloride and less than 5 minutes for polytetrafiuo-
roethylene. However, with the use of a primer, the working
life could be extended to more than 30 minutes.

EXAMPLES 111 TO 114

Examples 111 to 114 are similar to examples 107 to 110
except using a different primer and a different adhesive. The
primer of these examples (applied only in examples 111 and
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112) is similar to that of examples 107 and 108 except that
the nitrogen atom to boron atom ratio is 1.3:1. The exposure
time was 60 minutes. The polymerizable acrylic adhesive
comprised 40.8 wt. % methylmethacrylate monomer, 272
wt. % butylacrylate monomer, 1.0 wt. % methacrylic acid,
30.0 wt. % polymethylmethacrylate thickening agent, and
1.0 wt. % of a tripropylborane-1,6-hexamethylenediamine
complex (nitrogen atom:boron atom ratio=1:1). Bonded
composites were prepared and tested as described above in
examples 107 to 110 with the results reported below in Table
7.

TABLE 7
Example Primer Pot Time Shear Strength (MPa)
No. Applied (Min.) PE PVC PIFE
111 Yes 60 10.7 84 84
112 Yes 120 103 8.1 8.7
113 No 20 09 1.2 0.7
114 No 5 12.1 8.8 11.5

With the use of a primer, the working life of the adhesive
compositions of these examples could be extended from less
than 20 minutes to more than 2 hours.

EXAMPLES 115 AND 116

A series of polymerizable acrylic monomer compositions
was prepared to evaluate the utility of different amines in
providing the organoborane amine complex. Each compo-
sition comprised 19.2 wt. % n-butylacrylate, 55.3 wt. %
methylmethacrylate, 22.4 wt. % polymethylmethacrylate
thickening agent, 0.8 wt. % methacrylic acid, and 2.2 wt. %
of a tripropylborane amine complex having a nitrogen atom
to boron atom ratio of 1:1. The various amines used along
with the overlap shear strength test results on polyethylene
(PE) and polytetrafluoroethylene (PTFE) (24 hour cure) are
shown below in Table 8.

TABLE 8
Shear Strength (MPa)
Example No. Amine FE PTFE
115 Aniline 1.5 0
116 Triethylamine 109 0

These examples did not demonstrate any adhesion to
polytetrafluoroethylene. Moreover, the organoborane amine
complexes were pyrophoric when tested according to the
charring time and ignition time tests described above and
hence were considered unsuitable.

EXAMPLES 117 AND 118

Two polymerizable compositions containing a methacry-
late monomer but no acrylate monomer were prepared as
shown below in Table 9. In each example the methacrylate
monomer was methylmethacrylate, the thickening agent was
polymethylmethacrylate. the acid was methacrylic acid. and
the organoborane amine complex was based on hexameth-
yienediamine and tripropylborane (nitrogen atom to boron
atom ratio=1:1). Bonded composites using polyethylene and
polytetrafluoroethylene were prepared as described above
and cured for 24 hours under ambient conditions before
testing for overlap shear strength. as shown in Table 9.
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TABLE 9
Wt. %
Wt. % Organo- Shear
Methyl borane Adhesion
Example Meth- Wt. % amine Wt. % MPa)
No. acrylate Acid complex Thickener PE PIFE
117 522 6.6 6.6 34.6 10.7 23
118 563 32 32 374 o 0

Examples 117 and 118 show that in polymerizable com-
positions comprising only methacrylate monomer it may be
necessary to use additional organoborane amine complex
and acid to achieve acceptable adhesion to polyethylene and
polytetrafluoroethylene.

EXAMPLES 119 AND 120

Examples 119 and 120 describe additional ways in which
primers according to the invention may be provided.
Example 119 comprised 0.5 wt. % bis(tributylperoxy)
triphenylantimony, 73.1 wt. % methylmethacrylate mono-
mer and 25.4 wt. % butylacrylate monomer. The resulting
composition was degassed and then 1.0 wt. % of tripropy-
Iboron was added thereto. A polytetrafiuoroethylene coupon
was then primed with this composition and bonded to a like
coupon with a polyurethane adhesive. The overlap shear
strength (when tested as described above) was 6.3 MPa. An
unprimed control example showed no adhesion. The perox-
ide provides a source of oxygen since the composition was
degassed. If the composition had not been degassed, atmo-
spheric oxygen would have sufficed as the oxygen source
and the addition of peroxide would have been unnecessary.

In example 120, a polyethylene coupon was primed with
a composition comprising 39 wt. % methylmethacrylate. 25
wt. % n-butylacrylate, 30 wt. % polymethyimethacrylate, 3
wt. % of an organoborane amine complex (1.6-
hexamethylenediamine and tripropylborane at a 1:1 nitrogen
atom to boron atom ratio), and 3 wt. % methacrylic acid.
‘When bonded to a like substrate with an epoxy adhesive, the
bonded composite exhibited an overlap shear strength (when
tested as described above) of 6.0 MPa. An unprimed control
example showed no adhesion.

Thus compositions comprising an acrylic monomer, an
organoborane, and an OXygen Source or comprising an
acrylic monomer, an organoborane amine complex, and an
acid can be used to prime fluoroplastics for improved
adhesion to subsequently applied adhesives.

EXAMPLES 121 TO 125

Examples 121 to 125 show the effect of the nitrogen atom
to boron atom ratio (N:B) on the performance of polymer-
izable acrylic compositions according to the invention. A
series of organoborane amine complexes based on 1.6-
hexamethylenediamine and tri-n-butylborane at various
nitrogen atom to boron atom ratios (as shown below in Table
10) was prepared. 0.186 g of the complex was addedto 5 g
a polymerizable acrylic composition made from 78 g meth-
yimethacrylate monomer, 56 g 2-butylacrylate monomer, 60
g of a medium molecular weight polymethylmethacrylate
thickening agent, and 6 g of methacrylic acid.

Bonded composites based on polyethylene (PE), polypro-
pylene (PP), and polytetrafluoroethylene (PTFE) (each sub-
strate bonded to a substrate of the same material) having a
161 mm? overlap area and 0.15 mm bondline thickness were



5,690,780

25

prepared, fixtured with adhesive tape and binder clips, and
cured under ambient conditions for 24 hours. The substrates
measured about 25 mmx100 mmx3 mm thick. The bonded
composites were then tested to failure in a tensile testing
machine using a crosshead speed of 2.5 mm per minute.
Results are shown below in which the reported values are an
average of 3 samples. Examples 121 and 122 demonstrated
substrate failure. The remaining examples failed adhesively.

TABLE 10
Overlap Shear
__Strength (MPa)
Example No. NB PE PP PTFE
121 1:1 49 4.1 19
122 1.5:1 53 30 14
123 2:1 24 2.5 03
124 31 03 0.1 0.0
125 4:1 0.3 0.2 0.0

These examples show the surprising and unexpected
improvement in adhesion to various low energy substrates
that is possible when using the polymerizable compositions
of the invention.

Numerous variations and modifications are possible
within the scope of the foregoing specification without
departing from the spirit of the invention which is defined in
the accompanying claims.

What is claimed is:

1. A method for adhesively bonding two substrates
together, the method comprising the steps of:

(a) providing a low surface energy polymeric first sub-

strate and a second substrate;

(b) applying to at least the first substrate the following

materials:

(i) at least one polymerizable acrylic monomer;

(ii) an effective amount of an organoborane amine
complex having a nitrogen atom to boron atom ratio
of about 1:1 to 2:1; and

(ii) an effective amount of an acid for initiating poly-
merization of the at least one acrylic monomer;

(c) mating the first and second substrates with the com-

ponents of step (b) therebetween; and

(d) allowing the at least one acrylic monomer to

polymerize, whereby the first and second substrates are

adhesively bonded together.

2. A method according to claim 1 wherein the first
substrate is a material selected from the group consisting of
a polyethylene, a polypropylene, a fluoroplastic and a poly-
vinylchloride.

3. A method according to claim 2 wherein the second
substrate is a material selected from the group consisting of
a polyethylene, a polypropylene, a flucroplastic and a poly-
vinylchloride.

4. A method according to claim 1 wherein at least the first
substrate is a fluoroplastic and the organoborane amine
complex is added to the at least one acrylic monomer while
the acrylic monomer is maintained at a temperature that does
not exceed about 5° C.

S. A method according to claim 1 wherein the materials
applied to at least the first substrate comprise at least 0.027
weight % boron.

6. A method according to claim 1 wherein the at least one
polymerizable acrylic monomer is a blend of an alkyl
acrylate monomer and an alkyl methacrylate monomer.

7. A method according to claim 6 wherein the alkyl
acrylate monomer is a butyl acrylate and the alkyl meth-
acrylate monomer is methyl methacrylate.
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8. A method according to claim 1 wherein the materials
applied to at least the first substrate further comprise a
thickening agent for increasing the viscosity of the applied
materials.

9. A method according to claim 1 wherein the materials
applied to at least the first substrate further comprise an
elastomeric filler.

10. A method according to claim 1 wherein the organobo-
rane amine complex has the structure:

R! R4

R2—BN—H

R? RS
wherein:

R is an alkyl group having 1 to 10 carbon atoms;

R? and R* are independently selected from the group
consisting of alkyl groups having 1 to 10 carbon atoms
and phenyl-containing groups;

R* is selected from the group consisting of CH,CH,OH
and (CH,),NH, wherein x is an integer greater than 2;
and

R® is hydrogen or an alkyl group having 1 to 10 carbon
atoms.

11. A method according to claim 10 wherein the nitrogen
atom to boron atom ratio in the organoborane amine com-
plex is about 1.5:1.

12. A method according to claim 11 wherein the nitrogen
atom to boron atom ratio in the organoborane amine com-
plex is about 1:1.

13. A method according to claim 11 wherein R', R? and
R? are each independently selected from the group consist-
ing of alkyl groups having 2 to 5 carbon atoms.

14. A method according to claim 13 wherein R* is selected
from the group consisting of CH,CH,OH and (CH,),NH,
wherein x is an integer from 2 to 6 and further wherein R>
is hydrogen.

15. A method according to claim 14 wherein R!, R? and
R’ are each CH,CH;, and R* is (CH,)(NH.,.

16. A method according to claim 14 wherein R* is selected
from the group consisting of CH,CH,OH and (CH,)¢NH,,

17. A method according to claim 10 wherein the materials
applied to at least the first substrate comprise:

(a) about 0.5 to 7 wt. % of the organoborane complex,

wherein R', R? and R® are independently selected from
the group consisting of alkyl groups having 2 to 5
carbon atoms, R* is (CH,);NH,, and R® is hydrogen;

(b) about 0.5 to 7 wt. % of the acid, wherein the acid is
either acrylic acid or methacrylic acid;

(c) a blend of (i) a butyl acrylate that provides about 10
to 55 wt. % and (ii) methyl methacrylate that provides
about 10 to 50 wt. %; and

(d) about 25 to 40 wt. % of a thickening agent;
wherein the sum of a+b+c+d equals 100 wt. %.

18. A method according to claim 10 wherein the materials
applied to at least the first substrate comprise at least 0.027
weight % boron.

19. A method according to claim 10 wherein the at least
one polymerizable acrylic monomer is a blend of an alkyl
acrylate monomer and an alkyl methacrylate monomer.

20. A method according to claim 19 wherein the alkyl
acrylate monomer is a butyl acrylate and the alkyl meth-
acrylate monomer is methyl methacrylate.

21. A method for adhesively bonding two substrates
together, the method comprising the steps of:
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(a) providing a low surface energy polymeric first sub- (¢) mating the first and second substrates with the com-
strate and a second substrate; ponents of step (d) therebetween; and
{b) applying to at least the first substrate a primer com- (f) allowing the at least ome acrylic monomer to
prising an effective amount of an organoborane amine polymerize, whereby the first and second substrates are
complex having a nitrogen atom to boron atom ratio of 5 adhesively bonded together.
about 1:1 to 2:1 wherein the complex is dissolved in a 22. A method according to claim 21 wherein the poly-
solvent that is inert to the complex; merizable acrylic composition of step (d) further includes an
(c) allowing the solvent to evaporate; organoborane amine complex having a nitrogen atom to
(d) applying over the primer a polymerizable aaylic |, boron atom ratio of about 1:1 to 2:1.
composition comprising: 23. A method according to claim 22 wherein the concen-
(i) at least one polymerizable acrylic monomer; and tration of the complex in the solvent is about 5% to 15%.

(if) an effective amount of an acid for initiating poly-
merization of the at least one acrylic monomer; ¥ % % %
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